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Is INTRODUCTION 


A design procedure for Controlled Diffusion (CD) 
compressor blading which is based on numerical optimization 
methods was developed by Nelson L. Sanger of NASA Lewis 
Research Center [Ref. 1]. The underlying concept in Ents 
other CD design methods is that by controlling the diffusion 
of the air flow over the suction surface of the blading, 
boundary layer seperation can be avoided [Ref. 2]. This, in 
in principle, allows the design of blading with greater 
loading per stage, or a reduction in the number of blades 
for a given stage loading. Both features will be exploited 
in advanced compressors in future turbojet engines. 

As a verification of the design procedure, Sanger 
redesigned an existing stator blade row to use CD blading in 
place of Double Circular Arc (DCA) shapes. Subsequently, the 
scaled-up mid span section of the redesigned blade was built 
and tested in the rectilinear cascade at the Naval Post- 
graduate School. Detailed testing of the blading was 
conducted at an inlet Mach number of approximately 0.2 ana 
Reynolds Number of 4.7 to 6.9xl0> . Inlet flow angle was 
varied to encompass design and off design conditions. The 
test program was reported by Koyuncu [Ref. 3] and a 
comparison of test and computational results was reported by 
Sanger and Shreeve [Ref. 4]. 
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In the present study a series of tests to obtain 
detailed eae data at various positions downstream of the 
trailing edge of Sanger's CD cascade was conducted ina 
wind tunnel containing 20 blades. The positions ranged from 
eee ce 1.//en(chora—>.0] in-), for a total of six 
positions. The inlet flow angle was set approximately to the 
design condition (40.3° vice 39.8°) and then nearer to stall 
(43.4°). A calibrated United Sensor Corporation five hole 
conical probe was used to obtain the downstream flow field 
developement for one blade passage. Two United Senor 
Corporation cylindrical probes were used to survey far 
upstream and downstream over three blade passages. A special 
yaw probe was used to reference and verify wake yaw angle 
measurements and probes were exchanged to verify 
measurement accuracy. 

In the present report, the facility, proceedures, 
Significant results and conclusions are described in Sec- 
tions II through V. A complete documentation of the probe 
Survey data iS given in Appendix A and of the blade surface 
pressure data in Appendix B. The evaluation of the blade 
surface pressure coefficients and Reynolds number are 
described in Appendix C, and proceedures followed to define 
and reduce measurement uncertainties, are given in Appendix 


De 


ILS: 


Il. TES? EAC rer ix 


A. RECTILINEAR CASCADE 

A schematic diagram of the Rectilinear Subsonic Cascade 
Wind Tunnel facility is shown in Fig. 1. A detailed des- 
cription of its design and operation waS given in an) eam ees 
thesis [Ref. 5]. Flow inlet conditions were investigated 
in detail by McGuire [Ref. 6]. While uniform on average, the 
inlet flow contains periodic wakes due to variable inlet 
guide vanes which are spaced one inch apart in the blade to 
blade direction. 

For the present wake measurements a third probe 
traverse was added to the cascade. Slots were machined into 
the removeable plexiglas North wall at five stations 
downstream of the test blading trailing edge. A heavy 
aluminun angle extrusion was attached to both support the 
traverse and insure stiffness of the plexiglas wall while 
the cascade was in operation (Fig. 2). The test section di- 


mensions (Fig. 3) were changed slighty from those in Ref. 3. 


B. INSTRUMENTATION 

A total of four pneumatic survey probes were used. These 
were United Sensor Corporation probes of the five hole type. 
Two cylindrical probes were used to measure data needed to 


determine the inlet conditions and the mixeqdueurete. 
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conditions far downstream from the blade row. The inlet 
probe was located 1.8 chord lengths (1.8c) ahead of the 
blade row. The outlet probe was 1.77c after the blade row. A 
conical probe was used to collect wake measurements close 

to the blade row. Measurements were made at Q.12c, O.27/c, 
0.47c, 0.66c, and 1.185c (Fig. 4). The fourth yaw probe was 
design to determine flow angle in a 2D shear layer (Fig. 5). 
The probes were calibrated in a seven inch diameter free jet 
using the methods and software developed by Zebner [Ref. 7] 
and Neuhoff (Ref. 8]. 

Tunnel or plenum stagnation pressure was measured with a 
tube suspended in the plenum chamber. An Iron-Constantan 
thermocouple, similarly suspended in the plenum, measured 
stagnation temperature. Wall static pressure was recorded 
from two centrally located taps in the two rows of static 
taps provided in the South wall. One tap was located 
upstream and the other downstream of the cascade of blades. 
The two rows of static taps were connected to a water mano- 
meter, used to monitor the cascade's static pressure 
distibution. The static pressure is made uniform in the 
blade to blade direction by adjusting the inlet guide vanes 
and outlet tailboards. 

A Hewlett Packard Data Acquisition System (HP-3052) and 
Hewlett Packard Interface Bus (HP-98034 HP-IB) was used to 
collect data. The system was controlled by a HP-9845A 


COMpPUTer- 
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Figure 4. Probe Surveying Stations 
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Meaociaement Uncertainties are listed in Table I. 


Uncertainties are discussed in detail in Appendix D. 


C. CD BLADING AND CASCADE CONFIGURATION 

The controlled diffusion test blades were from the 
midspan section of a CD stator blade and one was manufac- 
tured with pressure taps (Fig. 6). The coordinates for the 
blades were supplied by Sanger and are listed in Table II. 
Twenty cast aluminum blades were made with a span 
of ten inches to fit the test section of the rectilinear 
cascade. The instrumented blade was positioned in the center 
to serve as the test blade. The fixed geometrical parameters 
for the cascade are given in Table III. In the tests to be 


reported, only the inlet air angle was varied. 
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TAB Ek 


MEASUREMENT UNCERTAINTY 


Description 


Blade to Blade 
dimension 


Spanwise 
Gamens on 


Axial dimension 


Inlet flow (yaw) 
angle 


Outlet flow 
yaw angle 


Plenum Total 
pressure 


Pressure 


Atmospheric 
pressure 


Method 


Position 
Potentiometer 


Machine divided 


scale hand 
adjustment 


Hand held 
Micrometer 


Angle Potent- 
1ometer 


Angle Potent- 
1ometer deg 


Static, taper 
plenum chamber 
V=0 


Scanivalve 
transducer 


Mercury 
manometer 
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Reading 
Uncertainty 


+0.01 Lae 


+0.05 ine 


+0.01 ine 


TUR deer 


+0.2 deg. 


+0.05 aba 
H50 


+0.05 sel 
H30 


+0.01 angie 
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TAB bE 


TEST BLADE COORDINATES (INCHES) 
X=COORD:. Y=COORD: Z—-COORD. 
O10 07045 O.045 
0.022 2 me 0.084 
02.057 0.002 === 
O2.2272 Oe O44 0.196 
QO.444 Orbos O2sc7 
0.666 O«.155 0.403 
O-.Gas O2 207 0.488 
sere ie 8 O325>5 O56. 
ie 32 0.299 O62 
exer sy 0. 340 0.663 
Nee a cs 0..3510 0.691 
1.998 O33 O2705 
PP PAGO, Ono O27 0a 
2-442 32 O27 08 
2.664 0.342 O-6er 
2.6G6 Oe ast OO. 650 
3.108 Oe sil? 0.610 
Cyr 6 O30! 0.563 
Serpe es) 2 Oe sil ORF a k9) 
Be On 2 a4 O24 54 
3.996 Oe227 0.393 
Ae 2 1S O19 Or sa 
4.440 On L4G O.. 270 
4.662 0.089 0.206 
4.884 0.019 O<145 
A925 0.004  — =a aee 
4.964 me em O22 
ae Oo O 3062 0.062 
TABLE tia 
CASCADE DESIGN PARAMETERS 
Number of Blades 20 
Blade Spacing (inches) 35.0) 
SOlldity 67 
Thickness (% chord) 70 


Stagger Angle 14.303 
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ier hk LENA. PROCEDURES 


A. PRpeakiat LON 

Prior £O tase nen with one wall removed, the adjustable 
sidewalls and inlet guide vanes (IGV's) were set for the 
reguired flow angle. The probe position scales were set to 
zero with the downstream probes axially downstream of the 
instrumented blade trailing edge. The upstream scale's zero 
position was set based on the expected inlet flow angle to 
the leading edge of the instrumented blade. The cascade 
was then closed. On starting, the flow adjustments were made 
to the IGV's and tailboards to obtain nearly uniform wall 
Static pressure distributions both upstream and downstream 
in the blade-to-blade direction. The pressure distribution 
downstream of the blades was at atmospheric. The inlet flow 


dynamic pressure was set to give a Mach number equal to 0.28 


B. tiol PROCEDURE 

With the flow stabilized, the surface pressures on the 
instrumented blades were recorded and surveys were made 
mest with the two cylindical probes at stations 1 and 2-6. 
The probes were spaced three inches apart (one blade 
passage) to avoid the lower probe wake from interfering 
with the upper probe measurements. Measurements were taken 


while traversing the two probes over three blade passages. 


2 


Samples were taken at 0.1 inch intervals. The two surveys 
overlapped over two blade passages. Surveys were then made 
at five axial stations downstream of the blades using the 
conical probe. The surveys were conducted over a three inch 
segment of the cascade and were centered on the instrumented 
blade. Samples were taken at 0.1 inch intervals outside the 
blade wake and 0.05 inch intervals inside the wake. Finally 
the yaw probe was used to obtain an indevendent flow angle 
measurement. The data from the yaw probe were recorded ee 
hand. Samples, rather than complete surveys were taken from 
inside and outside the wake. 

Tests were conducted with near design inlet air angle 
(81=40.3°) and at one off-design condition toward stall 
(81=43.4°). A summary of probe surveys is given in Table IV. 

Once collected the data was reduced using the formulas 


given in Table V and Appendix C. 
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Station 


TABLE IV 


PROGRAM OF PROBE SURVEYS 


Nominal Air Inlet Angle 


ANG 





Gy lina {1} 
Yaw 

Gy letme {2 } 
Conical 
Conical 
Yaw 
Conical 
Conical 
Conical 
Cy lana (2 


Yaw 
Cy Vana. } 
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IV. RESULTS AND DISCUSSION 


A. CASCADE PERFORMANCE AND FLOW QUALITY 

The cascade performance was calculated from surveys 
measured at the midspan in the blade to blade direction. No 
surveys were made in the spanwise direction since uniformity 
in the spanwise direction was verified by Koyuncu [Ref. 3]. 
Loss coefficient, die eastion factor and AVDR were obtained 
from integration of the surveys made upstream and 
downstream of the blading. In order to examine the 
consistency of the measurements, the integrations were 
performed over different intervals. Performance parameters 
are shown (Figs. 7 through 9) for integration performed 
over two different blade passages at inlet air angles of 
(nominally) 40.3° and 43.4°. It can be seen that over the 
two separate intervals of integration, the value obtained 
for loss coefficient, diffusion factor and AVDR are in very 
close agreement for both test inlet angles. At 43.4°, the 
values are barely distinguishable from each other. The 
uniformity, periodicity and quality of the flow can be seen 
in the detailed survey data and plots given in Appendix A. 
Verification of the accuracy of the probe measurements 
was made by exchanging probes as described in Appendix D. 

A comparison of the results obtained for loss 


coefficient is made with Koyuncu's data (Fig. 10). The 


$2 


LOSS CORPTICIENG: 





LOSS COEFFICIENT 





—3.0 0.0 one 
Merwe BADE POSTION UN) 


Figure 7. Comparison of Loss Coefficient From Inte- 
gration Over Two Blade Passages. (Upper plot 
8,=40.3°, Lower plot £1=43.4°) 
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present data are slightly lower than the single curve drawn 
through Koyuncu's data, however the data were obtained at a 
somewhat higher Reynolds number. At positive angles of 
incidence an effect of Reynolds number on the loss 


coefficient is suggested by the combined data. 


eee RESULTS OF WAKE SURVEYS 
Composite plots of the downstream (wake) surveys are 
eifewh in Fig. 11 and Fig. 12 for inlet air angle of 40.3° 
and 43.4° respectively. The velocity is shown referenced 
to the mass-averaged velocity upstream. The blade to blade 
position of each survey is referenced to the trailing-edge 
of the instrumented blade. The velocity scales are displaced 
in the y-direction in proportion to the axial displacement 
of the survey stations shown in Fig. 4. 
1. Wake Velocity Decay 
The wake decay downstream of the blading is 
qualitatively as expected. The centerline velocity at 
station 2-1 is 30% of inlet velocity compared to 80% outside 
the wake. This is due to the fact that the trailing edge of 
the blade is quite blunt. At station 2-6 the velocity has 
increased to 72% and is approaching a mixed out condition. 
2. Velocity Profiles 
Differences in individual velocity profiles in the 
blade to blade direction can be most clearly seen at station 


2-1. The pressure side has a steep velocity gradient while 
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the suction side has a more gradual variation. The wake 
thickness was significantly increased at 8 1=43.4°. The 
adverse pressure gradient on the suction side results in an 
increase in the surface boundary layer thickness and 
subsequent reduction in wake velocity gradient. 

3. Wake Path 

The displacement of the wake centerline from the 

blade trailing edge centerline can be seen in Figs. lil amd 
12. At the farther downstream stations the displacement 
becomes more noticable. At £)=43.4° the wake centerline 
displacement is almost linear but not so at 40.3°. The 
cascade was design to give an outlet air angle of zero. The 
displacement of the wake centerline at station 2-6 (1.771 
chord lengths) implies an average deviation angle (6) 
at 86)=40.3° of 6=1.94° and for £1=43.4°, 6=3.23°. However it 
is interesting to note that at the design inlet condition 
the wake centerline appears to move axially between 0.2 and 
0.8 chordlengths downstream. 

4. Yaw Angle Measurement 

Both cylindrical and conical probes gave 

measurements of yaw angle distribution in the blade to blade 
direction. When relatively large excursions in yaw angle 
were recorded within the blade wake, the fourth probe, which 
was specifically designed to measure yaw angle correctly 
within a two-dimensional wake, was used to verify the 


observation at the specific stations as listed in Table IV. 
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The yaw angle probe was very carefully nulled in the 
calibration free jet, and the null setting referenced to 
horizontal using a reference bar on the probe shaft and 
precision spirit level. The reference was reestablished when 
the probe was mounted on the cascade. Thus the absolute 
uncertainty in the yaw angle measured with the yaw probe in 
the cascade was less than 0.4°. Since the absolute reference 
meteeene cylindrical and conical probes was not mantained in 
some of the measurements, these measurements were adjusted 
such that equal angles were measured outside the blade wakes 
on the pressure side. It was then possible to examine the 
distribution of yaw angle measured through the blade wakes. 

Figures 13 and 14 show comparisons between the 
cylindical and yaw probe measurements at station 2-6, and 
the conical and yaw probe measurements at station 2-2 
respectively at 861]=40.3°. It is seen that whereas the 
Seiodrical probe indicates an excursion of almost + 1.5° in 
yaw angle far downstream, the yaw probe registered no more 
than + 0.75°. Closer to the blades (station 2-2) the conical 
probe indicated + 2.3° and this was reasonably well 
confirmed by the yaw probe. 

The exagerated indication of yaw angle given by the 
cylindrical probe is seen again in the results at 8)=43.4° 
(Fig. 15). It is noted that while few points are shown here 
for the yaw probe measurements, points representing larger 


excursions were not passed during the manual traverse. Thus 
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PHlemeyrinartcal probe indicated a variation of + 1.8° 
Praréas the yaw probe showed no more than + 0.5°. 

Data for yaw angle from the cylindrical and coni- 
cal probe, surveys are given in Table A.1l through Table A.12. 
Note that the negative of 8 1S given in some cases. Data for 
the yaw probe measurements are given in Table A.14 througn 
Table A.18. 

5. Integration To Obtain Performance 

Fach of the cone probe surveys could be used in 
conjunction with survey data from station 1, to establish 
the blade element performance. The adopted procedures of 
referencing all survey measurements to plenum supply and 
atmospheric conditions allowed that upstream and downstream 
Surveys to be carried out separately, as long as no change 
was made to the cascade geometry. 

The results for blade element performance based 
on surveys at stations 2-1 to 2-6 at 8)=40.3° and 2)=43.4° 
are shown in Fig. 16 and Fig. 17 respectively . Extremely 
consistent results are noted with one exception at 
B)=43.4°. An inconsistently low value of AVDR was obtained 
from the cylindrical probe at station 2-6. More measurements 


are required to examine the one inconsistency. 


SF BLADE SURFACE PRESSURE DISTRIBUTIONS 
Surface pressure coefficients are shown plotted in 


Fig. 18 and Fig. 19 for £)]=40.3° and £1=43.4° respectively. 
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The data are given Appendix B in Table B.1l through Table 
B.4. The pressure coefficients were calculated using Eq. 


(C-5) of Appendix C. 
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V. CONCLUSIONS AND RECOMMENDATIONS 


Probe surveys were carried out at various stations from 


0.12 to 1.77 chordlengths downstream of Sanger's CD 


compressor cascade at two air inlet angles (near design and 


toward stall), which resulted in the following conclusions: 


Ike 


Blade element performance parameters did not devend 
Significantly on the location of the survey 

station. One possible exception was found in AVDR at 
8}=43.4° which dropped by 2.5% at the most downstream 
position. 


The data obtained were consistent with those 
obtained earlier by Koyuncu at a somewhat lower 
Reynolds number [Ref. 3]. Considered together with 
Koyuncu's data, the loss coefficient appears to 
decrease with increasing Reynolds number. 


Complete wake velocity profiles were otained which 
were asymetric near the blade trailing edge. 
Increasing deviation angles (from 1.9° to 3.4°) were 
traced out by the paths of the wake as the inlet air 
angle was increased from 40.3° to 43.4°. The width of 
the wake also increased substantially. 


The conical probe measured yaw angle variations 
through the wake which were confirmed by a yaw 

probe. The cylindrical probe recorded yaw angle 
variations which were much larger than those indicated 
by the yaw probe. 


Blade surface pressure distributions were obtained 
which did not show anomalies near the trailing 
edge which had appeared in Koyuncu's data. The 
differences were attributed to the elimination of 
pneumatic leaks. 


Recommendations for future tests include the following 


Moadilftications: 


1. 


All probes should be calibrated by varying pitch 
and yaw together as described in Appendix D. This 


ol 


may increase the general accuracy of yaw angle 
measurements when small pitch angles are present. 


Only conical probes need be used in the downstream 
position to avoid yaw angle inaccuracies in the 


wake exhibited by the cylindrical probe. 


Modifications to the cascade computer reduction 
programs need to be incorporated to automate the 


inclusions of yaw angle referencing procedures and 
procedures which result from the first 
recommendation. 


Computer-controlled, automatic probe drives snould 


be installed to greatly reduce the present labor 
and energy costs involved in acquiring edare 


a2 


De PEND Lx A 
FLOW QUALITY AND CASCADE PERFORMANCE DATA 


mee CALIBRATED PROBE SURVEY DATA 

Survey data for different stations in the cascade are 
tabulated in Tables A.1l through A.12. and shown in Figs. 
Al. through A36. Values listed include flow angles (-3 is 
shown) and nondimensionalized dynamic pressure, static 


pressure, total pressure and velocity. The notation is as 


iol LOws : 
Local dynamic pressure Q/Qlrefbar 
Local static pressure [Ps-Pslrefbar]/Qlrefbar 
Local total pressure [Ptlbar-Pt)/Qlrefbar 
Local velocity X/Xlrefbar 


The tabulated quantities are derived in such a way 
that they are independent of supply fluctuations during the 
probe surveys. Dimensional quantities can be obtained for 
code verifcation purposes by substituting for the upstream 
reference conditions denoted by subscript "lrefbar", the 
average obtained by multiplying the mass average ratio of 
upstream local to reference conditions (subscript "bar") by 
the ensemble average of the cascade reference conditions 
(subscript "refave") recorded during the survey. 


Mee ( ()lrefpar = ‘ doar ' )refave: Note that ‘reference 
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conditions' are Trerf and Pre¢ (measured in the plenum) ame 
Patm (corrected barometric pressure) from which a reference 
dimensionless velocity, Xref 1s calculated from the 


isentropic relationship 


(i= ( fatm ) ee (A-1) 
Pref 


Xref 


The required reference quantities for tne inlet air angle 


are given in Table A.13. 


Notes: 1) The guantitity 'Q' is the difference between 
stagnation and static pressure, and is ref- 
erence to plenum pressure, 1.e., 


P+ - Pp 
EYPer 


Qbar = 


2) The subscript "2bar" denotes downstream 
mass averaged local to reference conditions. 
A2. YAW PROBE SURVEY DATA 
Yaw probe surveys were conducted at selected 
stations listed in Table IV. Data recorded manually, are 


listed in Tables A.14 through A.18. 
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A3. DATA STORAGE 
All data were stored on magnetic tape. Table A.19 
identifies the storage file names with the survey station 


and test parameters. 
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TAB eae 


PEGE) CPLHUESPRabe DATA An MIDSPAHM PATA FILE Bie2eu 


Lower Plane: BPetal=43.43 Re=/740G66 Stave=.1216 Qlave=21.65 
Poirt Loec@in - Beta Q Fs-Felbar Ptibar-Pt 8 
Qlirefbar Qlrefbar Qilrefbar Kirefbar 


1 = Snes -43.29 oom ~8015 . 0896 . 24 ¢ 
a =a -43.20 9708 =, 8825 Pio) ty Ae! 2) ee 
is 2 a8 =F 3c sero -. 6016 . 6666 Ae) el 
4 -2.°@ -43.20 ~ 98609 9621 -. 8014 ees 2 
z = Zou -43.20 . 9884 - 9965 -. 8032 1) Oe 
a = “43.20 » 9826 . 6067 Se Ee ie EE B/G) gk 
? =2 ace =43 ce 29845 . 6645 =. 907 Ss Lobes 
= —2.a? -4#3.21 9867 0976 -. BUUEE Leia Le: 
= -2.18 -43.26 Pe ieee 6649 =.00su 1.uu00u 
Lu = 2 are -43.21 20os . 86056 =, Usd 1.€a@3904 
11 —2 700 -43.20 oC? - 8847 -.0029 1.8313 
Le =l aoe -43.26 . 9826 ~- 8635 -. 8645 Ss eas 
Es = ee “43.19 ~9S27 0021 =, GUs2 1.0023 
14 =1.5 92 = 943 we Ae seiel, -€b12 = U0" 1.61926 
les -1.66 -43.43 ~ 9848 .@616 -. 8634 1.u80¢ 
1s. =e -43.46 eth oli 8632 -.4612 fae! = eS 
ir mba c= -43.47 .9812 8028 =. 00K6 a) eee 
vs =lieo “43.21 ~ 9746 . 8668 ~-8UES ©3768 
1'3 =o =43 720 soos . 86868 B07 s Re) 58 
2k -1,.09 -43.47 29745 0606 . 6667 9760 
21 =o -43.46 9°49 -. 8006 9076 o2762 
22 =. 9e -43.47 Anesth 6 = -. 8005 4656 Soe 
ages =— eo -43.47 «9°96 -. 665 »-bb2ZE eee 
24 mic if) -43.46 9832 mere eh3)) Le, -.0618 1.6:306 
3g Sao —423.45 98352 -. 0026 = UG Ts} 1.0908 
2 -.48 -42.96 3343 -. 0024 = His 1.0501 
er -.39 -43.46 Be tay Cae: -. 0014 =, 400s fas 
2s “neo -43.47 qeehe ls, -.6014 -¥O18 noe. 
eae S22 -43.46 9821 =. 90S? ~- 8035 9383 
3G =a -43.44 9822 -. 0845 9038 Scene! 
oul =. UH -43.46 9841 -. 0058 0024 oo7o 0 
32 - 18 -43.48 2 ese -. 0040 . 8603 css 
Se Ae, -43.46 sous 9027 -.8613 1.6005 
34 29 -43.48 . 9803 9049 -. 8035 1.8915 
32 48 -43.46 . 9866 ~9B622 -.9011 Ue 22) 8 
36 els) -43.48 .9818 9814 -. 0016 1.8412 
oT A Se, -43.46 .9°788 . 8614 9016 oo Ce 
2 -°Q -43.46 »orfGr 0926 8026 . 3988 
Sie . 38 -43.47 - 9861 9018 -,. 0061 1.6005 
4 .89 -43.46 9788 . 8634 -. 0064 1.0060 
41 1.01 -43.49 so o0 . 8663 -. 9938 1.0025 
42 | -43.44 . 9845 9631 -. 0668 1.8033 
43 ese) -43.46 Peles: - 9611 -.9119 1.89035 
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45 
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513 
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e 
—"s 
—"s 


4a 
& 


a) 
@ 


oS) 
o— 


Acs, 


- 2G 


=43.45 
-43.46 
=43%7 35 
-43.34 
-43.45 
-43.46 
-43.538 
“43.58 
=43,55 5 
“43.595 
=4 Soo 
-43.46 
-43.47 
-42.94 
=43 92 
-43.48 
-43.499 
“43.46 
-43.46 
-43.46 
-43.48 
=435,42 
“43.47 
“43.47 
=-43. 496 
“43.47 
“43.73 
“43.70 
=d3ov2 
=4 sce 
-43.47 
-43.48 
-43.47 
-43.73 
-423.73 
-43./72 
“43.73 
-43.°3 
-43.7¢4 
“43.72 
-43./2 
-43.46 
-42.46 
-43.47 
-43.46 
-43.47 
“43.38 
-43.48 
-43.47 
-43.48 


BASLE =A 


og7 te 
9878 
~ 9860 
- Jo ha 
~ 9825 
~ 9836 
9874 
nogeo 
9941 
.93968 
Rene. 
~9960 
-I9RS 
pe) | 
1.0002 
1.@ung 
. 7996 
2) S))) Ss) 
1.9029 
1.8078 
1.090 
1.8077 
1.96895 
1.8865 
1.90074 
1.8084 
1.6897 
1.6668 
1.0889 
1.6892 
1.0118 
1.8875 
1.0036 
1, ob3s5 
1. Gbss 
1.0952 
1.00/72 
1.0152 
1.6167 
1.8213 
1.89216 
1.0262 
1.@225 
1.8227 
1.8237 
1.0256 
1.8302 
1.6352 
1.8432 
1.6426 
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CON’ T 


I 


~ O61 
0814 
~@819 
~Gb22 
-8B18 
» 8081 
~8621 
~8828 
~8826 
AAS) 5) 
6354 
.8538 
~ 8643 
eles 
.W189 
~0166 
~8169 
Pall =)e: 
» Bere 1 
~8206 
. 8226 
~8243 
8278 
8268 
~6288 
6298 
P|) 21S )ce: 
~de225 
-8238 
3275 
-O3s41 
ns ID 
.03s2 
. UZine 
~O45l1 
BS) esl! 
.98418 
~-O0441 
8442 
.8454 
~8482 
.9492 
~8504 
Sta 
Jase 
~U567 


~8584 


8617 
4636 
8639 


9160 
~ 9858 
8827 
8623 
-. 0026 
- 8826 
- 8838 
-. 0683 
-.8103 
=, 0141 
-, Ofse 
=~ Olea 
-, 0123 
-. 9862 
-.0612 
-. UMS 
=, US 
-  ObdrS 
~ 8001 
-. 8066 
=. Gibisie 
-. 4828 
—. BS 
~-8010 
VE28 
OR 
~ 8007 
8834 
OuU14 
. 6809 
~ 8536 
BUS? 
9133 
malls) | 
eee 
~-9149 
»-8153 
8087 
-UBrs 
8042 
. 6066 
me) 2) 22 
~8079 
bed 
~Uu94 
6111 
bors 
. 8466 
-. 4609 
-. 6604 


1.6048 
1.0027 
1.06825 
1.8618 
1.6626 
1. 961s 
1.6636 
1.6658 
1.90064 
1.6878 
1.98883 
1.60076 
1.80073 
1.0965 
1.9639 
1.6635 
1.0632 
1.0828 
1.6025 
1. Biss 
1. Giles 
1.0642 
1. GU 
1.80260 
1. Gbiee 
1.0028 
1.0023 
1.0014 
1.6518 
1. See 
1.90022 

972 

. Sime 

ee) Ss 

SoS 

Me di! |= 

o A see 

02334 
1.8303 
1.4UBTS 
1.90106 
1.8835 
|. eae 
1.6908 
. 2oes 
1.6516 
1.9932 
1.0061 
1.0054 


TRBEE AL10 
ben tewe Oo) Bee FRebe DNATA AF WIDSPAN BATH FILE DCézst 
Cane Probe: Betal=423.43 Re=7°7°4000 Alave=B.1216 Qlave=21.45 
Bont Loeecin> — Beta Q Poaeeeat | Ft) bar—Pt as 
Qirefbar Qirefbar Qlrefbar Xlrefbar 


1 “2.63 Sow »-6°5¢ »3139 8023 -8189 
c Senor =o »-6°58 -3170 -.6014 .8186 
3 ~26 4 =o -67or ~2185 ~.0U27 »S20c 
4 =2.55 =). 38 .6760 3146 - 98608 .8183 
2 =2.e3 = bU ~6(r2 ~ 3149 -. 60° Pole 
E say OR -1.34 .-6°67 5 Sola =nOOe 3 Btsi) bebe 
¢ = (5 (a): -1.18 .-67°48 3174 -. ¥O0?/ 8186 
€ Sleep -1.34 »-6758 pe Se) -. 0602 sist) Sas 
> ele =a oe 6°46 ~ 314d? ~-8022 ool? 
168 lent © =e »-6°745 3144 ~8825 ~-318U 
Ta ce ales) weiss 26755 ~c les ~ 6046 28178 
le = bse) leg Cs -6°48 woe | » 8836 8181 
es -1.48 =l,04 oO 26 ~-316¢r ~ 4051 ,o173 
14 =le43 -1.48 6743 Bee ES) ~ 8662 ~- 8180 
15 a1 5.39 Ne ae 6°45 ~ 3106 - 0064 3188 
ic Blo -1.94 ~b CoC » 3690 ~- 0067 ~3184 
1? -1.28 aha 8 6°48 . 3682 ~- 6685 8182 
18 =l.23 -2.07 6/799 2 3884 ~86r1 solo 
13 mr cia =) “1.93 26753 ~ 3631 - 9681 .8184 
28 esa ee: -1.86 6761 23085 . 8668 Busi }| Gla, 
2 1 =e Sao -6/°2 230/75 ~ 6867 ool so 
ee eS eras oe, 6°96 2 3056 8062 .8201 
ee: -.33 =20 6 6°98 ~ 3054 - 8062 ceeds 
24 Sao -2.98 ~-6809 23853 ~- 6651 ae 
2s =.63 = oe he .6824 . 3644 ~- 8645 Ee Ea: 
2h aS -4.86 ~Ocr¢ ~ 3042 . 8694 eed o 
or =, 43 -3.44 6627 . 3018 82°72 oie 
se =1 50 -3.84 Be) ) aa) ~ 3007 . 9964 -rrle 
Fe mo oe =6, 26 . 9808 .2938 21958 ~f 469 
Su =.20 -6&.62 v3SeU 2019 . 3134 6176 
31 me -6.42 22°06 Aes Blawg ~-4163 ~2244 
ge elo = Ps -1821 ~ 3146 7026 ~4268 
ae, eles =f cs .1188 sola APs) Cale) 2 3446 
34 =. So Oe 1857 22/2 ~6€057 wou e 
3 = 8): oS - 1016 »b4 5 Sees G) Se eae 
36 6.06 2.18 ~ 1768 23138 7838 me eae 
oF 02 eer, 2268 ae 4513 Fu ae 
Sic are 1.44 ~ 4964 2847 1943 ~f 434 
cs -1l2 1.48 ~- 6650 29or »- 9361 ~2tee 
41 -17 . 86 ~- 6862 ~ 3041 . 689 23245 
41 022 -.48 6611 S072 . 6007 pate a le, 
42 .2¢ =. oo -6776 eo UG 4032 oo 
aes 03¢ -1.22 ~6°762 else . 6620 oles 
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44 
45 
46 
47 
43 
49 
5 
51 
52 
53 
54 
55 


| —iertaad 
va To 


~47 
ors 
.67 
a 
~87 
See ti 
ig 
re ts 
1.27 
lec 
1.47 
le oe 
lies? 


= lero) 
Sele 
=2. 15 
ee 
al) er ats 
=i 
=1.86 
=1.96 
=2702 
= ile 
= 2 
-2.48 
-3.14 


TABLE A.10 


6744 
-67°598 
6747 
-Orrs 
or 92 
6737 
ete d)| 
sorrl 
Newsies. 
- 6846 
6834 
6821 
-68°78 
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EGHam 


soll" 
~ 3156 
» 3134 
~ 3122 
Be US 
Pach ie 
1olUs 
~ 3149 
ol 
. 3888 
~StTe 
ooh eo 
3091 


8014 
- BUG 
» 4635 
»- 8018 
. 86606 
. 6060 
6619 
- 8007 
- 6601 
- 6616 
8832 
8618 
-. 0049 


.8ice 
ole 
~8ire2 
Sige 
Sign 
- 8261 
. 8i25 
» 8262 
8265 
- 8236 
- 8246 
» 8210 
~ 8249 


TRELE VAs 
PEE SCANS SERWGbE DRIA Al MINSPRH DHTIA FILE cezes 


Cane Probe: Betal=43.43 Re=774060 Xlave=8.1216 Qlave=21.85 


Point Loc¢Cind - Beta Q PeePslibar Ftibar-Ft 4 
Qirefbar Qilretbar Wirefbar Xlrefbar 
KEEFE REEFS REL HK SHEE EKER KEE RHEE REE KEK KEE REFEREE RF RHR ERE F ERE REFERS EH 
1 = A lalé =e ele P=) 2/5) 2ovo. ~ 8036 ~sbss 
z cad area =e) -6287 Pec hek- 1% . 8049 »8ug?7 
3 -1.46 — 2 ees Ray. (ate) soe ~ 8057 ~8B07 
4 alee SG “2.17 .63804 — ~gueo2 . 0848 ~8832 
Zz -1.2 “2, 34 ~-6282 Pa a | - 8673 ,c8l? 
E. -1.16 -2.24 -6383 » 3999 8833 ~ S848 
i = | 5 Sls “2.41 ~-6288 Ae) Sts) II .4665 ~Sue7 
5 =, Gls -2.46 -62°79 -ooo9 »0G59 ~ouls 
a =e ae sy) ,Osl2 ~ 3089 8825 . SBS6 
14 =. f= 2 6 ~-6289 Boiee S 4814 ~8825 
11 tl — Sree -6307 Soles - 8006 -ouae 
le -.56 =e + -6289 3615 »-8822 Pace S).G) 
iL &: -. 651 = 3 4 -6288 Be Gpsyte; il -BG66 ~8y2zs 
14 -. 96 -3.80 -6236 BES ays PSS he eso 
Vas SS) -3.09 . 2968 aso 4 ~-8392 -Tole 
Le. -.46 oe a 249498 Seles: - 80882 ~f 0S 
Le ~.4dl ~3.34 ~47°81 » 3362 - 1615 7824 
13 Aes = alr ce Ss sie) il woor 2 ~2467 .6426 
i, =e) -4.38 sero ~3 098 so lBs 9824 
2h ae > -2.84 22136 . 3648 » 3609 yay es, 
rag | -,21 =e ~ 2423 saile.e | 239359 . 0084 
ee = UE 2p SS 2459 » 3634 ~3895 -o@37 
23 = il) -1.00 -20936 ~3I60 ooo » 3466 
24 = {alle otpial a PEG iC baye} A) 2/805: » 2986 sS9r1 
25 ma )e: -B2 . 4087 - cae ~2300 ~-64396 
26 0.06 -.60 ~4415 ~347il seUr?7 6739 
27 . 84 -,29 ea) Lea) ~ 3479 .1349 wreos 
28 = (S/S, .05 sooo 3481 .O7 sc store 
Z29 14 =l,12 ~6132 aS Siew 20ers st 230 
38 19 sie -6288 Sone .8667 ~ 8833 
= | 24 -1.48 -6311 - 3612 . 8083 . 8041 
SZ ~29 -1.68 Oe 2  oG2o -. 066880 .SB29 
ENG: ~ 34 -1.76 6308 » 3634 -,.6608 8659 
34 539 =1,.39 ~6290 3647 -.90186 8048 
ea 44 -1./76 -6302 » 3645 -. 8620 . S067 
36 54 -1.94 -6297 AGE S15) a BSS ; cua 
oy 54 = As SOGee - 3661 0.80008 2agos 
36 Bars -2.81 -6346 - 3601 -. 06022 -8W53 
ao . 34 -1.96 .6339 sso99 -. 99088 8061 
40 ~ 34 = 25 18) )| -6342 . 3686 =, 6923 .Su6é?7 
41 1.94 -1.?79 -6347 Pecan lid -.0019 8642 
c. 1.14 =2.03 ~6379 — Sas) -. 0044 . 8898 
43 1.24 Se -6352 - 3665 -,. 4932 . 8082 
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THELE AS? 


DERE  SCADESeReree VATH AT NIUSPAHS BATA FICE DCSse6s 


Cone Probe: Betal=43.43 Re=“74000 Alave=O.1216 Q@lave=271.05 
Point Loctin: - Beta Q Ps-Psibar Ptibar-Ft ves 

Qiretbar Qiretbar Glrefbar SNilrefbar 
KEL EEE FEES SESE HEEL FREE LE KHKE KEKE KEKE EE EERE KEEFER ERE ER ERR FE RHEEKEEES 
1 es> -2.07 Reyer =) SSars ~- 8674 a ees} 
2 = ih ete -2.16 ~-6282 ~ 3967 m3) ard fees 
& a GP =) Sha tes. = [a SZ 5 Slane, ~-86°75S ~f 334 
4 -1.36 =o ~-6334 35946 - 8646 cet oy 
3 =) 4 Be =2, 16 ~6326 ~ 3942 -8057 ~°934 
6 ma 16 -1.75 [5 3s ~ 3944 8647 sr 397 
ré =].46 ls wes 3528 8067 ET aed: a 
8 pad =: Ae - 6341 A ope alm, »8G75 5 =) Bae 
9 es Se obs ~-6285 ~ 3497 ~8145 aoe 
16 = or See leis ~-6206 3462 -626@8 ~Tr oor 
yl =o 7 -2.63 -6684 3426 ~-8421 Pe arg a. 
ee =a ell = = tS \ls 6 ays) jl 8: 3400 Ho 17 ~764u 
ibe: =) (Els -3.83 ~ 3694 wooGs - 6861 ~° 4395 
14 = 1e 0 — 5 ISIE: 9433 » 3366 ~1145 ATA GVEA S 
LS = aS -2.84 2 ol NG 3349 ~ 1493 iG aeliK 
15 = tal ON ~4828 sooce » 13868 5 SS i 
lr -.46 3 es e431 = 1 SiS is: sees ~-6672 
13 aa | =3 30 ~ 4338 “SIRI: ~2324 7654 
P? = Gls =ei50l% ~-4184 3366 ~2477 -6483 
2u =o el =A ie) Ps ~4135 er C neon .6360 
al =|, “Am = a hails ~ 4268 Pac Saab, ~2438 -6461 
22 -.21l =e ON ~ 4474 3262 ~2227 ~-6616 
as = 4 és -1.953 -4°6@ oe2ol 21946 ~-6817 
24 5 4 er ry 3) a 3667 ~se24l ~ 1644 ~° B23 
25 = ANE ~1.46 ooo 3SeoC ep Ee weet 
26 =e) 1 “1.51 ~or22 woe os -ao7 2 ~°461 
i . 64 SS te ~5994 Pcieas . 6681 sToer 
28 09 =1..°6 1S te eseo5 ~8492 of 746 
Zo 14 ee es PG: ~6365 weeZor -O292 Aisha S) 
ay, he. -1.78 .6459 5 BAAS) S) nol ae 7708 
al 24 -1.7°6 ~6547 3267 - 6166 = fp Dells: 
a ae, -1.61 69586 324) . 86098 ~°947 
So 34 =a “ [eas 7 23241 . 8061 oe fa 
34 _ Sls. = 1% fetes: -6649 eee . 6047 — sas) 
os ~ 44 -2.16 -6648 » 3224 .8645 = Pea G 
ae .-49 = 96 Hobos 23246 8668 ae Sh fe te) 
37 ~ 34 =1.9¢ 6643 eoecu ) - 8074 ~7 344 
36 -64 ~~ Oo 6696 es2ls -6001 ~r38s 
Bye 274 Sk OS. s, .6668 Aap sls: 86051 < FENES 
48 84 es ae ~ (Slee) » 3206 P2115) ieee: mesos 
41 294 = 612 Pe ee i ~3174 8046 ~¢f958 
42 1.64 =2). 0 1 ~-6°02 3188 -9u34 (364 
43 1.14 le somes Sloss ~-8025 ~¢9¢4 
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o—— fh fe fet pee 


24 
34 
~44 
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~ 64 


SoS 
=e 
= Wes 
-2.U5 
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TREBLE AS oe te Gia 


6°26 
»6734 
-6°738 
267 52 
Wares 
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sol or 
oss 
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~8U22 
~-8b22 
- 8828 
. 8028 
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TAB GE Ages 
MASS AVERAGED REFERENCING COEFFICIENTS 


WerFER PLANE DATA FROM FILE BDé25e 
LOWER PLANE DATA FROM FILE BD6256 
INTEGRATION FROM: a Re. 

TO: 1.3 


EONSTANTS STORED IN FILE: RC6256 "(By =40.3) 


REFERENCING COEFFICIENTS 
Aber: lLoisele2s4¢25638 

Qbar: 3.463683322638E-62 
Phar: .945964416677 

Ptbars 9999340691973 

X2bars .9297804325305 

Q2bar: 3.238°13209H1E-62 
Pebar: .96210329247 

Feebar: .994431548307 
xrefave .164238333333 
Prefave 422.184827°957 Tretave: - 553 
REYNOLDS No.: °74034.92/°7°67 


Heeek PLAHE DATA FROM FILE BDG2S6G 
LOWER PLAHE DATA FROM FILE BDE26E 


INTEGRATION FROM: we SS) 
TO: 1.9 
POm=TANTS STURED IN FILE: RC5266 (3543.4) 


REFERENCING CUEFFICIENTS 
bars 1.21136001999 

Q@bar: .6580644545165 

Phar: .945638612489 

Ptbar: .995683281476 

XZbars .916034488675 

Q2bar: .828898669595 

P2bar: .964630545141 
Ft2bar: .99352997777 
Xrefave .1808412986022 
Prefave 426.529365591 Trefave: 529 
REYNOLDS No.: 773766.692672 
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TABLE A.14 
YAW PROBE OUTLET AIR ANGLE MEASUREMENTS 
Station. 8 1=40.3° 


Blade to Blade Angle (82 deg) 
Position (in) 


ees 40.4 
=. 40.6 
Ses 40.6 
0.0 40.6 
0.5 Agia 
Lae AG 
es WYO) 67 


TABLE -A. lS 


YAW PROBE OUTLET AIR ANGLE MEASUREMENTS 


Station 2-2 81=40.3° 
Blade to Blade Angle (82 deg) 
Position (in) 

=—].5 O.38 

-1.0 OZ 

-QO.5 -0.4 

-0.3 -1.8 

QO.0 eae) 
O..3 0.3 
Os5 0.8 
IES 8. 0.8 
Le 0.4 
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TABLE A.16 


YAW PROBE OUTLET AIR ANGLE MEASUREMENTS 


Station 2-6 B,=40.3° 
Blade to Blade Angle (89 deg) 
-1.5 Meals 
-1.0 lec 
-O.5 O59 
-0.25 Hie 1! 
020 lc: 
0.25 ies! 
Or.5 Za 
ilieent) Zak 
Les ers 


TABLE A.1/7 


YAW PROBE INLET AIR ANGLE MEASUREMENTS 


Station 1 B 1=43.4° 
Blade to Blade Angle (82 deg) 
Position (in) 

-10 AS 55 
-8.0 43.5 
-5.0 A365 
-3.0 AS) 5 
-1.5 43. 
-1.0 43. 
-QO.5 43.6 

O30 AV Eyer 

O25 Alot 

Lae 43. 

1-5 43. 

An) - 44, 

6.6 43. 


1a) 


TABLE A.18 
YAW PROBE OUTLET AIR ANGLE MEASUREMENTS 
Station 2-6 B1=43.4° 


Blade to Blade Angle (89 deg) 
POSidtion (ino 


-5.95 1.6 
-4.9 GRO) 
-4.45 1.6 
-4.1 ee 
-3.7 0.6 
~3.2 6 
-2.1 1.8 
-1.5 1.6 
=) Lee 
-O.1 0.8 
1.5 1.6 
2.8 1.3 
B32 1.8 
a0 252 
5.0 iO 
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TABLE A.19 


DATA FILE NAMES AND STATION IDENTIFICATION 


Station 


Raw Data Name 
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BW6260 
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Dee251 
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BBG 220 
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Figure Al. Q/Q1REFBAR VS Blade to Blade Displacement 
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Figure A2. 4Ps/QIREFBAR VS Blade to Blade Displacement 
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Figure A4. Q/Q1REFBAR Vs Blade to Blade Displacement 
31=40.3 Re=774000 
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Figure A5. APs/QlIREFBAR Vs Blade to Blade Displacement 
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Figure A6é. APt/QlREFBAR Vs Blade to Blade Displacement 
8]=40.3 Re=774000 
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Figure A7. Q/Ql1REFBAR Vs Blade to Blade Displacement 
31=40.3 Re=774000 
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Figure A8. APs/Ql1REFBAR Vs Blade to Blade Displacement 
8,;=40.3 Re=774000 


87 


AG 7 OC VRE Pepi . 
SIRT LOM ee 





BLADE TO BLADES ET S2 eee eae 


fagure AQ. APt/QlMLFBAR Vs Blade to Blade WPisplacemens 
8y=40.3 Re=774000 


88 


Pea hme BAR 
std) ellie UI il as ee 





feet eee eee eee ite ear te fe |) 


Figure AlO. Q/Q1LREFBAR Vs Blade to Blade Displacement 
p,=40.3 Re=774000 
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Figure All. dAPs/QIREFBAR Vs Blade to Blade Displacenmeins 
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Figure Al2. APt/QlREFBAR Vs Blade to Blade Displacement 
B,=40.3 Re=774000 
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Figure Al3. Q/Q1REFBAR VS Blade to Blade Displacement 
b,=40.3 Re=774000 
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Figure Al4. aPs/QlREFBAR Vs Blade to Blade Displacement 
B;=40.3 Re=/74000 
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Figure A1l5. APt/QIREFBAR Vs Blade to Blade Hlisplacement 
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Figure Al6. Q/Q1REFBAR Vs Blade to Blade Displacement 
81=40.3 Re=774000 
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Figure Al7. APs/QIREFBAR VS Blade to Blade Displacen =m 
8,=40.3 Re=/74000 
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figure A18. 4Pt/QIREFBAR Vs Blade to Blade Displacement 
F1=40.3 Re=774000 
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Figure A20. 4Ps/QIREFBAR Vs Blade to Blade Lisplacene it 
81=43.4 Re=774000 
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Figure A21. APt/QILREFBAR Vs Blade to Blade Displacement 
B1=43.4 Re=774c0e 
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Figure A22. Q/QIREFBAR Vs Blade to Blade Displacement 
81=43.4 Re=774000 
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Figure A23. APs/QlREFBAR Vs Blade to Blade Pisplacement 
B}=43.4 Re=774000 
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Figure A24. APt/QlREFBAR Vs Blade to Blade Displacement 
B]=43.4 Re=774000 
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Figure A25. Q/Ql1REFBAR Vs Blade to Blade Displacement 
B1=43.4 Re=774000 
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Figure A26. 4Ps/Ql1REFBAR Vs Blade to Blade Lisplacement 
By=43.4 Re=774000 
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Figure A28. Q/Q1REFBAR Vs Blade to Blade Displacemenc 
b1,=43.4 Re=774000 
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Figure A29. APs/Q1REFBAR Vs Blade to Blade Displacement 
B}=43.4 Re=774000 
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Figure A30. APt/QlREFBAR Vs Blade to Blade Displacement 
8,=43.4 Re=774000 
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APPENDIX. 


BLADE SURFACE PRESSURE DISTRIBUTIONS 


Surface pressure coefficients for the instrumented 
blades are given in Table B.1l through Table B.4. The tables 
give the pressure tap locations, coefficient of pressure 
given by Eq. (C-5) in Appendix C (using upstream and 
downstream reference conditions), local Mach number and 


nondimensional velocity. 
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BUADE SURFeSE, PRESSURE COEPRPICIENTS 


AND REYNOLDS NUMBER 


me CORPFETCIENT OF PRESSURE 
iitemeonone ssl oleomecern1e1cnt "Omepresoure Ol the lolades 


in a cascade is conventionally defined as: 


Cp = aeaaeeme (G=1) 
1/2 y sis TE ip 


where P is pressure, M is Mach number and the subscript l 
denotes upstream conditions. In previous work carried out in 
the rectilinear cascade Cp was defined Incompressibly using 


bars to denote mass averaged quantities as: 


een, ee ee 
Cp = _Ftref. -Pgeet — RCH) 
Prref - PY] 
Peref 


where the referenced total pressure was measured in the 


tunnel plenum and the mass averaged upstream quantities were 


dias 


derived from upstream probe survey data. This data was taken 
immediately before the surface pressures were recorded. 

In the present work the definition in Eq. (C-1) was 
used rather than that in Eq. (C-2). Mass averaged quantities 
were again introduced and local measurements were divided 
by tunnel reference conditions derived from plenum and 
atmospheric pressures as outlined by Duval [Ref. 9]. The 
development of the revised Cp is’as follows: 

Dividing Eq. (C-1) by reference conditions and Usime 


massed averaged quantities upstream, 








ae ec 
oS ee ie Lr 
Mref 


2 
ly2e y — ae 
Mref Ptref 


It can be shown that the Mach number Can oe. VE meee ner 


terms of the dimensionless velocity, X as: 


ae (C-4) 
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Bast ledting this term@into Eq. (C-3) the definition for Cp 


becomes: 


P Z 154 ) 1 - Xre¢ ) 
Pref Peref 2 
oe = Xref (C-5) 
B 
Y SES BES Sees sae 
Los Piref a £ i xf 


The expression for Cp in Eq. (C-5) was used in the 
present data reduction. Again, the barred quantities are 


obtained from upstream probe surveys. 


C2. REYNOLDS NUMBER 
The Reynolds number was determined from the average 
flow conditions going into the blading. Reynolds number was 


defined as: 


= _ IL <7) “o Vo reise - 
Re —S S = ae eae e (C-6) 
where As = Sa is an interval in the blade to blade 


direction. The static density, p, can be written as: 


it 
yY- 1.2 7 ee 


0 = og (1 + ~5— Mt’) (C-7) 
Substituting for Mach number using Eq. (C=-4): 
1 
(eae) 
2 -l 
p= o( 1-x ) ' Oe 


1k 


In terms of X and stagnation quantities, the density can be 


written as: 


—) 
p= Shee (C-9) 


With the dimensionless velocity X defined as 


Ee a 
xX 7 (C-10) 
ae’ Reaey. 
| 2RyT 172 
- = t 
Ve 92 (cee = tee + ) Tone ee, 


Hence by substitution 





(es (1725 
- _Ptref _ 2 ya 2aR eye) 
pv = epee (1 - x* ) x( 2 Rate) 
(C-12) 
and Using, Ba. (C-12)) anto sho. (6-5) 
i 
S 1/2 Z (oy? 
Re = —S- [ * ( ame ) (Ee eee )ds 
AS 5 Te Yok} H 
l (C=13)) 
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PNEUMATIC PROBE CALIBRATION AND 


MEASUREMENT UNCERTAINTY 


Dar. SCANIVALVES AND TRANSDUCERS 

Gites oeainiVvalVesmamcorpornated 2.55) FG1 (oomimichicssor 
Weeter) Gifferential transducers. Prior to their use, the 
Scanivalves were cleaned using Freon and dry nitrogen to 
eliminate small uncertainties found in the zero differential 
Outputs. Following the cleaning procedure, repeatability of 
BoGouwas Maintained to within 1/100th inch of water. The 
experiments expected to involve measurements ranging to 20 
inches of water pressure differential or 29% of the 
transducers' full range. Checks of the linearity of the 
transducers were made over the anticipated operating range 
using a 36 inch water manometer graduated in tenths of an 
inch. The transducers were found to be linear to within 


023636 of the calibration range. 


BZ. PROBE CALIBRATION 

Three probes, identified in Table D.1 were individually 
calibrated using the seven-inch free-jet calibration tunnel 
(Fig. Dl). The conical probe was calibrated differently from 
the cylindrical probes. A fourth probe was qeeueS measure 


yaw angle at the upstream position (station 1), the first 


ea: 


downstream position (station 2-1), and the far downstream 
position (station 2-6). Each of the calibration processes 


will be described separately. 


NWeveiive —ID)5 10 


PNEUMATIC PROBES (UNITED SENSOR CORP.) 





PROBE NUMBER LYE 
USP1O0O Five Hole Cylindrical (DA-12F 
USP200 ‘Five Hole Conical (DC-125) 
A 847-1 Five Hole Cylindrical (DA=-125) 


1. Cylindrical Probes 
The cylindrical probes (Fig. D2) were held) fixcamae 
zero yaw angle and were calibrated at five different 
velocities and seven different pitch angles. Velocities 
ranged from 150 to 350 feet per second. Pitch angles ranged 
+ 6°. The derived calibration surface expressions sca oman 
accuracy of fit to the calibration data from -2.3% to 1.64 
for velocity and from -0.6° to 0.7° for pitch angle. These 
were maximum errors and typical deviations were + 1% 
Velocity gaades On pleeh. 
2. -ConileGaly Probe 
The conical probe (Fig. D3) was calibrated from 100 
to 350 feet per second. At each velocity the probe was 
calibrated for + 4° pitch in inerements jobeZ Stem 


angle set at zero, and for + 4° in yaw angle in increments 
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of 2° with pitch angle set at zero. Two sets of 
calibration surface approximations were derived. First, 
surfaces for reduced velocity (X) and pitch angle (4) were 
derived in terms of the pressure coefficients (8) and (T), 


as was used in all previous work, where: 


kes — (per) 
T = Py - Ps 

D-2 

ia Soe 


The individual subscripts above denote the probe pressure 

ports, and the two-symbol subscripts denote the arithmetic 
average of the pressures individual ports. Second, surfaces 
for reduced velocity (X) and yaw angle (a) were derived in 


terms of 8 and OU where: 


pee Poe 3 ipea) 
ip 23 


The surface expressions for the velocity and pitch angle 
Beeve an accuracy of fit of -2.2% to 0.5% for the velocity 
geo. 2 for the pitch angle. The surface expression for 
the yaw angle gave an accuracy of fit of -0.15° to 0.4° in 


the yaw angle described by: 


a= Giga, 0} (D-4) 


1 


The data from the conical probe were reduced similarly to 
those from the cylindrical probes and similarly to all 
previous work, except that the surface approximation in Eq. 
D4. was used to correct the yaw angle recorded by the data 
aquisition system after the probe had been adjusted to 
balance Pz and P3 as closely as possible. These =procedmn 
overcame the problem of insensitivity in the angle 
adjustment in regions of low dynamic pressure (near-wake). 
Corrections ranged from zero outside the wake to a maximum 
of 3° at the second station downstream of the test blading. 
3. Yaw Probe 

The upper cylindrical probe measured a greater flow 
angle change through the blade wake than did the conieam 
probe at stations near the blades. A special yaw probe 
sensitive to tranverse gradients (Fig. D4) was built. It was 
used to measure flow angle only. The probe was nulled in the 


calibration free jet and otherwise not calibrated. 


D3. PROBE VERIFICATION Thea 

The two cylindrical probes were checked by first 
conducting detailed surveys in their normal positions. Then 
the positions of the two probes were exchanged and the 
surveys repeated at the same operating conditions. A summary 
comparison of the downstream velocity distribution to the 
mass-average upstream distribution when the probes were ex- 


changed is shown in Table D.2. The results of integrating 


L2G 


the two sets of surveys over two different blade passages to 
obtain blade element perforinance parameters are shown in 
Hite Dos=- D7. since the loss coefficient, diffusion factor 
and AVDR involve either differences between or ratios of 

Seo vioercAmeOmipstreat quantities, these results are a 


convincing verification of the accuracy of the measurements. 


TABLE D.2 


RocvUElo OF CYLINDRICAL PROBE VERIFICATION CHECK 


Quantity Difference In Measurement 
Loss Coefficient 1 «les 

Pitmincmon | hactor 32346 

AVDR Clg 5) eke 

Inlet Air Angle -0.48° 

Outlet Air Angle On 


D4. YAW ANGLE 

Several corrections to the flow angle indicated by the 
probe were necessary. The flow out of the calibration tunnel 
was found not to be horizontal but was directed downward at 
an angle of +0.05°. The cascade was at a slope of +0.2°. The 
probe mounts allowed an attachment error of +0.7° and the 
uncertainty in the vernier reading on the probe mounts was 
femee In Order to use a common reference on the cascade and 


on the calibration tunnel, the conical probe yaw angle scale 


lige, 7 


was set with reference to horizontal using a precision level 
and a reference bar on the probe shaft. When this procedure 
was followed, the yaw angle uncertainty was reduced to 
+0.4°. For tests in which the leveling procedure was nee 
followed, the yaw angle measured by the cone probe outside 
the wake on the pressure side was set egual to the 
measurement obtained using the yaw probe, for which the 


leveling procedure nad been strictly adhered to. 
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Figure D5. Comparative Plot of Loss Coefficient Vs 
Blade to Blade Displacement. (Two 5 hole 
cylindrical probes were exchanged in 
position and compared in the saine flow 
conditions.) 
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Figure D6. Comparative Plot of Diffusion Factor Vs 
Blade to Blade Displacement. (Two 5 hole 
cylindrical probes were exchanged in 
position and compared in the sane flow 
conditions. ) 
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Ppoolacement. (Two 5 hole cylindrical probes 
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